The inositol 1,4,5-trisphosphate receptor (IP 3 R) is a huge Ca 2+ channel that is localized at the endoplasmic reticulum. 
Our body contains a lot of calcium, but most of it (~99%) is present in the bone as calcium phosphate, which is important for supporting the three-dimensional structure of our body. Only the residual amount (~1%) of calcium is present in solution as a divalent cation, Ca 2+ . It is well known that Ca
2+
plays an important role in many physiological functions. However, an abnormal elevation in the intracellular Ca 2+ concentration is toxic to cells and causes cell death. Therefore, cells must maintain the intracellular Ca 2+ concentration at the low level of~10
À7 mol/L, against the much higher extracellular Ca 2+ concentration (~10 À3 mol/L).
Moreover, cells must be able to rapidly and dynamically change the intracellular Ca 2+ concentration in response to extracellular stimuli to regulate physiological functions such as cell proliferation, fertilization, immune response, and brain function (Berridge et al. 1998; Mikoshiba 2007) .
To dynamically change the intracellular Ca 2+ level, cells use two sources of Ca 2+ : (i) Ca 2+ influx from the extracellular space, and (ii) Ca 2+ release from the intracellular Ca 2+ store, the endoplasmic reticulum (ER). Many Ca 2+ -handling molecules (Ca 2+ channels, Ca 2+ pumps, Ca 2+ sequester proteins) establish these dynamic changes in the intracellular Ca 2+ concentrations (Berridge et al. 2003) . Among the Ca 2+ -handling molecules, the inositol 1,4,5-trisphosphate receptor (IP 3 R) is a key protein in the regulation of the intracellular Ca 2+ dynamics (Berridge 1993; Foskett et al. 2007; Mikoshiba 2007) .
in the cerebellum of wild-type mice, but is absent in mutant mice lacking Purkinje cells (Mikoshiba and Changeux 1978; Mikoshiba et al. 1979) . Antisera against P 400 revealed its dominant expression in Purkinje cells of the cerebellum (Mikoshiba et al. 1979) . In addition to the hypothesis linking the PI turnover to Ca 2+ signaling (Michell 1975) , the observation that another mutant mouse cerebellum, in which Purkinje cells have poor dendritic arborization with no spines, showed a selective absence of Ca 2+ spikes accompanied by poor P 400 expression (Crepel et al. 1984) suggested to us to strongly link the P 400 with Ca 2+ signaling. Furthermore, the high binding affinity of IP 3 in the cerebellum (Worley et al. 1987 ) and almost no IP 3 binding in the tissue section of Purkinje cell-deficient mutant cerebellum ) lead us to believe that P 400 is an IP 3 receptor. We have succeeded in purifying P 400 (Maeda et al. 1988) and isolating the IP 3 R1 cDNA (Furuichi et al. 1989) for the first time by screening a cDNA library with a specific antibody against P 400 (Maeda et al. 1988) . Many researchers also simultaneously tried to purify and identify the nature of IP 3 Rs (Prentki et al. 1984; Supattapone et al. 1988; Ferris et al. 1989; Sudhof et al. 1991) . The lipid bilayer and liposome experiments by insertion of the purified IP 3 -binding protein showed that IP 3 receptor is a Ca 2+ channel (Ferris et al. 1989; Maeda et al. 1991) . In addition, the overexpression of IP 3 R1 cDNA significantly enhanced Ca 2+ release from the isolated membranes of L15 cells (Miyawaki et al. 1990) , demonstrating that a protein encoded by the cloned cDNA is exactly an IP 3 -gated Ca 2+ channel. The IP 3 receptor is composed of three isoforms: type1, type 2, and type 3 IP 3 Rs (Furuichi et al. 1989; Mignery et al. 1990; Sudhof et al. 1991; Ross et al. 1992; Blondel et al. 1993; Maranto 1994; Yamamoto-Hino et al. 1994; Desmedt et al. 1994; Iwai et al. 2005; Taylor et al. 1999) . Each IP 3 R gene encodes a huge protein around 2800 amino acids in length, and the three isoforms are divided into five domains based on their role in channel gating: the NH 2 -terminal suppressor domain, the IP 3 -binding core, the regulatory/ coupling domain, the channel domain, and the gatekeeper domain at the carboxyl (COOH)-terminus (Uchida et al. 2003; Mikoshiba 2007) (Fig. 1) . The three isoforms share 60-80% homology at the full-length level, and share a much higher homology at the critical regions for the IP 3 -gated Ca 2+ channel, such as the IP 3 -binding core and the pore domain (Patel et al. 1999) . However, the three isoforms show distinct affinities to IP 3 (Newton et al. 1994; Iwai et al. 2005) , which are critically determined by the NH 2 -terminal suppressor domain (225 amino acid residues) (Iwai et al. 2007) . Without the NH 2 -terminal suppressor domain, the IP 3 -binding affinity is increased and the three IP 3 R isoforms have similar IP 3 -binding affinities, highlighting the importance of the NH 2 -terminal suppressor domain in determining the distinct IP 3 -binding affinity (Yoshikawa et al. 1996 (Yoshikawa et al. , 1999 Iwai et al. 2007) . Furthermore, the suppressor domain also contributes to channel gating by physically coupling with the COOH-terminal channel domain. The deletion mutant of the suppressor domain shows much higher IP 3 affinity than wildtype IP 3 R1 but does not release Ca 2+ from the ER (Uchida et al. 2003) . Furthermore, a single mutation (Y167) within the suppressor domain abolished IP 3 -induced channel gating Yamazaki et al. 2010) . A synthetic partial agonist that disrupts the interaction between the IP 3 -binding core and the suppressor domain also reduces the channel open probability (Rossi et al. 2009 ). Thus, the NH 2 -terminal suppressor domain is a crucial region for both determining the IP 3 -binding affinity and for transmitting the IP 3 -binding signal to the COOH-terminus in order to open the channel pore. Apparently, one of the fundamental questions is related to the gating mechanism of IP 3 R by IP 3 : How is the IP 3 -binding signal at the NH 2 -terminus transferred to the distal COOHterminus for opening the channel pore? To understand this, many groups including ours have been extensively studying the structure and gating mechanism of IP 3 R1 and have recently made great advances in the field (Hamada and Mikoshiba 2012; Seo et al. 2015) . Our group has resolved the crystal structure of the IP 3 -binding core (Bosanac et al. 2002) and the suppressor domain (Bosanac et al. 2002) . The crystal structure of the NH 2 -terminal region involving both the IP 3 -binding core and the suppressor domain, and its conformational changes in the presence or absence of IP 3 have also been recently resolved at 3.0-3.8A°resolutions (Seo et al. 2012 . Electron microscopic structural analysis of the IP 3 R1 at 4.7A°resolution revealed a uniquely arranged cytosolic COOH-terminus and its physical coupling with the NH 2 -terminal domains of the adjacent subunits (Fan et al. 2015) . These findings can substantially help us revisit our previously obtained biophysical and biochemical understanding of the regulation and properties of IP 3 Rs from the structural point of view. Thus, structural analysis will definitely open the door to understanding not only the gating mechanism of Ca 2+ channels but also the pathogenesis of IP 3 R1-related brain diseases such as spinocerebellar ataxia (SCA), Alzheimer's disease (AD), and Huntington's disease (HD).
Physiological role of the three IP 3 R isoforms
The three isoforms of IP 3 Rs are different in their phosphorylation sites, splicing sites, IP 3 -binding affinity, and association with various molecules (Patterson et al. 2004; Foskett et al. 2007; Mikoshiba 2007; Parys 2014) . The tissue distribution patterns are also very different among the three types of IP 3 Rs: while IP 3 R1 is predominantly expressed in the central neural nervous system, IP 3 R2 and IP 3 R3 exhibit a rather ubiquitous tissue expression pattern. Each cell type expresses the three subtypes of IP 3 R in a distinct ratio, which is important for creating and maintaining the right intracellular Ca 2+ concentration patterns for the regulation of specific physiological phenomena. Therefore, the dysfunction of a specific isoform of IP 3 R distinctly affects the physiological functions in vivo. For example, defects in the IP 3 R1 function result in cerebellar ataxia (Matsumoto et al. 1996) and impaired synaptic plasticity (Inoue et al. 1998; Nishiyama et al. 2000; Fujii et al. 2016) . IP 3 R2 is associated with anhidrosis (Klar et al. 2014) , osteoclast formation (Kuroda et al. 2008) , and decrease in cardiac function (Drawnel et al. 2012; Nakayama et al. 2010; Vervloessem et al. 2015) . IP 3 R3 plays a role in taste sensing (Hisatsune et al. 2007 ) and hair cycle regulation (Sato-Miyaoka et al. 2012; Ellis et al. 2013; Sankar et al. 2014) . Given their overlapping expressions, a combination of two types of IP 3 R is associated with physiological functions such as in the development of the heart (Uchida et al. 2010 (Uchida et al. , 2016 and the secretion of saliva and tears (Futatsugi et al. 2005; Inaba et al. 2014) .
Given the dominant expression of IP 3 R1 in the brain and its critical role in the regulation of intracellular Ca 2+ signaling in response to various neurotransmitters, recent emerging evidence supports the idea that IP 3 R1 is associated with human brain pathology. In the following section, we would like to describe the recent advances in our knowledge of the pathological implications of IP 3 R1 function in the brain, which have been revealed by the analysis of IP 3 R mutations and human disease-associated genes.
Phenotype of IP 3 R1-deficient mice IP 3 R1 knockout (KO) mice Mice lacking IP 3 R1 exhibit severe cerebellar ataxia and a seizure-like posture around 10 days after birth when the synapses between Purkinje cells and parallel fibers of the granule cells form (Altman 1972) ; the mice die within 3-4 weeks of birth (Matsumoto et al. 1996) . Electrophysiological experiments in the mice demonstrated impaired long-term depression (LTD), a form of synaptic plasticity, of the Purkinje cell (PC)-parallel fiber (PF) synapse (Inoue et al. 1998) . The innervation of PCs by climbing fibers (CF) normally occurs in a one-to-one fashion. This is in contrast to the observations in metabotropic glutamate receptor (mGluR1)- or PKCc-deficient mice , in which multiple CF innervations on PCs are observed. IP 3 R1-KO PCs exhibit abnormally less branched dendrites in culture and in vivo, regulated by the brain-derived neurotropic factor produced by IP 3 R1 signaling in granule cells (Hisatsune et al. 2006) .
To determine the cellular and neural circuit level mechanisms by which IP 3 R1 deletion causes abnormal movement, we recently developed several brain-specific IP 3 R1 conditional knockout (KO) mice with the deletion restricted to the dorsal telencephalon, cerebellum/brainstem, basal ganglia, and PC cells Sugawara et al. 2013) . Only mice lacking IP 3 R1 in the cerebellum/brainstem (Wnt1-Cre;Itpr1 flox/flox ) exhibit the same phenotype as that of IP 3 R1-KO mice; they suffered from severe cerebellar ataxia and exhibited opisthotonus, repetitive rigid posture, and tonic contractions of the neck and trunk, as they grew over 2 weeks old. The finding indicates that the deletion of IP 3 R1 expression specifically in the cerebellum/brainstem is sufficient for cerebellar ataxia and seizure-like posture to develop. Since we could not find any abnormality on the electroencephalogram during the seizure-like posture in the mice, we concluded that the behavior of IP 3 R1-KO mice is better described as suffering from dystonia with severe cerebellar ataxia. It is known that the reduction in the PC firing rate and irregular PC firing are detected in several SCA-associated mutant mice in a cell-autonomous manner (Kasumu et al. 2012a; Hourez et al. 2011; Perkins et al. 2010; Shakkottai (Kim et al. 1997; Ichise et al. 2000; Offermanns et al. 1997) . L7-Cre;Itpr1 flox/flox mice did not
show an abnormal enlargement of PF presynaptic terminals and vesicle accumulation in the PF-PC synapses, although these abnormalities have been reported in IP 3 R1-KO mice, supporting the regulation of the presynapse by IP 3 R1 expressed in granule cells (Hisatsune et al. 2006) . L7-Cre; Itpr1 flox/flox mice had fewer dendritic branching points than those observed in control mice. However, the total cerebellar size of L7-Cre;Itpr1 flox/flox mice is comparable with that observed in control mice. These mice also showed impaired cerebellar LTD and motor learning (Sugawara et al. 2013) . It is interesting that adult L7-Cre;Itpr1 flox/flox mice had an abnormally increased number of spines, despite the normal number of PF-PC synapses once established during the developmental stage where IP 3 R1 is expressed. It is widely believed that synaptic activity does not affect spine morphology on the distal branches of PCs (Sdrulla and Linden 2007) . However, recent studies also suggest changes in spine density in PCs following cerebellar motor learning (Aziz et al. 2014; Wang et al. 2014) . Further study of the activitydependent regulatory mechanisms underlying the regulation of dendritic spines of Purkinje cells by IP 3 R1 would be necessary in order to understand the mechanistic insight of the maintenance of PC spines in adult mice.
Opt and D18/D18 mice There are two spontaneous mutant mice that naturally have an IP 3 R1 mutation, opisthotonos (opt/opt) mice and D18/D18 mice. The opt mice have a homologous in-frame deletion of exons 43 and 44 (1732-1839 amino acid residue deletion) within the regulatory domain of the Itpr1 gene (Street et al. 1997) . On the other hand, van de Leemput et al. identified a homozygous in-frame 18-bp deletion within exon 36 in the regulatory domain of the Itpr1 gene in D18 mice, which were initially diagnosed as having episodic intermittent ataxia or kinesigenic paroxysmal dystonia (van de Leemput et al. 2007) . The regulatory domain is known to be highly modified by various forms of regulation, such as phosphorylation, splicing, binding of the IP 3 R-associated proteins, ATP and Ca 2+ (Patterson et al. 2004; Foskett et al. 2007 ). The activities of opt-IP 3 R1 channels are less modulated by ATP (Tu et al. 2002) . Similar to IP 3 R1-KO mice, both the mutant mice start to exhibit ataxia and convulsive phenotypes around 10 days after birth and die within 4 weeks. Interestingly, the IP 3 R1 protein level was drastically reduced in the cerebellum of both of the mutant mice. In addition to the reduction in opt-IP 3 R1 mRNA expression (Aoki et al. 2003) , opt-IP 3 R1 is likely to be less stable than wild-type IP 3 R1. Thus, opt-IP 3 R1 is prone to undergo proteolysis in exogenously expressed Sf9 cells, but the precise mechanism underlying the reduction in the opt-IP 3 R1in Purkinje cells remains unclear. 0 part of the ITPR1 gene was also reported in a Japanese patient with SCA15 (Hara et al. 2008) . Although these families also have a partial deletion of a neighboring gene encoding SUMF1 (sulfatase-modifying factor 1), a subsequent study reported only a heterozygous deletion of exons 1-48 of the ITPR1 gene, but not of SUMF1, in a patient with SCA16 (Iwaki et al. 2008) , supporting the idea that haploinsufficiency of ITPR1 is a cause for SCA15/16. Thereafter, the deletion of the ITPR1 gene has been reported in many SCA15/16 families (van de Marelli et al. 2011; Obayashi et al. 2012; Novak et al. 2010) .
So far, there are only two papers that report a missense mutation in the ITPR1 gene in SCA15: P1059L in a Japanese family (Hara et al. 2008) and V494I in an Australian family (Ganesamoorthy et al. 2009 ). The P1059L mutation is localized to the regulatory domain that connects the IP 3 -binding core and transmembrane domains (Fig. 2a) . We have performed the functional characterization of the P1059L ITPR1 channel by establishing a stable IP 3 R-deficient B lymphocyte cell expressing it. The P1059L mutant has a twofold higher affinity to IP 3 than wild-type ITPR1. However, we could not detect significant difference in Ca 2+ signaling between the wild-type (WT) and P1059L mutant ITPR1 in response to B-cell receptor stimulation (Yamazaki et al. 2011 ). As mentioned above, the regulatory domain is highly regulated by several mechanisms (Patterson et al. 2004; Foskett et al. 2007) . The modulations around the P1059 residue of IP 3 R1 in Purkinje cells could be different from those in B cells, and the effect of P1059L on the Ca 2+ signaling may not be observed in B cells. Alternatively, it is also possible that stable cell lines might affect the expression of other Ca 2+ regulatory proteins, minimizing the effect of the P1059L mutant on Ca 2+ signals. A detailed analysis of the effects of the P1059L mutation on ITPR1 expression and regulation in Purkinje cells is required for better understanding of the pathogenesis of the P1059L mutation.
SCA29
Mutations in the ITPR1 gene are also implicated in SCA29, which is characterized by autosomal-dominant congential non-progressive SCA. Affected individuals have cerebellar atrophy and exhibit early-onset gross motor delay, hypotonia, gait ataxia, mild dysarthria, and dysmetria. Mild intellectual disability is also present in SCA29. Huang et al. reported two missense mutations in the families of patients with SCA29 (Huang et al. 2012) : V1553M in an Australian family and N602D in a Canadian family. The V1553M mutation has also been reported in a Russian family (Shadrina et al. 2016) . Although the Ca 2+ release properties of the mutants have not yet been analyzed, both the residues are highly conserved among vertebrates and are located within the critical domains for ITPR1 function. Since N602D is located within the IP 3 -binding domain, it may affect the IP 3 -binding affinity of ITPR1. In addition, the mutation could interfere with the binding of IP 3 R binding protein released with inositol 1,4,5-trisphosphate (IRBIT), which suppresses the IP 3 R activity by competing with IP 3 (Ando et al. , 2006 . On the other hand, V1553M is located within the regulatory domain, which is the region that interacts with carbonic anhydrase-related protein (CARP) (Hirota et al. 2003) (Figs 1 and 2a) . It is known that CARP inhibits IP 3 binding of the IP 3 R1 and is implicated in waddles mouse, characterized by ataxia and appendicular dystonia (Jiao et al. 2005) . CARP is also implicated in recessive congenital ataxia with mild intellectual dysfunction (Turkmen et al. 2009; Kaya et al. 2011) . Therefore, it is likely that both the mutations affect Ca 2+ signaling in Purkinje cells by interfering with their modulation, leading to SCA29.
Other clinical SCAs caused by ITPR1 mutations
In addition to SCA15 and SCA29, emerging evidence point to the implication of ITPR1 missense mutations in different categories of SCA, such as sporadic infantile-onset SCA (T267M, T267R, S277I, T594I) (Sasaki et al. 2015 ) (Fogel et al. 2014 ) (Ohba et al. 2013 ) and ataxic cerebral palsy (N602D, S1487D) (Schnekenberg et al. 2015) . In addition, the patients who exhibit congenital autosomal-dominant nonprogressive congenital ataxia with normal cognitive functions have also been recently reported (R241K, R269W, A280D, E497K) (Barresi et al. 2016 ). Since SCA29 is congenital and is characterized by mild intellectual disability, these cases were distinct from SCA29. Examining the effect of these mutations on the Ca 2+ release properties of ITPR1 and finding the relationship among Ca 2+ signals in the PCs, PC firings, and clinical features of patients with SCA are critical.
We here summarized the missense mutations found in SCA15/16, SCA29, and ITPR1-associated other types of SCA in Fig. 2 (null mutations of SCA15/16 are not shown). Interestingly, the mutations tend to be localized within the IP 3 -binding core domain and are very close to IP 3 in the three-dimensional structure (Fig. 2b) . Although it has not been analyzed yet, these mutations may affect the IP 3 -binding affinity of ITPR1, resulting in the altered Ca 2+ signals in the disease.
IP 3 R1 signaling, and its association with other SCAs To date, more than 40 SCAs have been characterized: about 28 causal genes have been identified among them (Sun et al. 2016) . These genes have apparently distinct functions, but recent studies indicate that some of the causal genes are closely associated with IP 3 R1 function and its downstream signaling (Schorge et al. 2010; Bezprozvanny 2011) .
SCA2 and SCA3. The mutation implicated in SCA2 is a polyQ expansion in the ataxin-2 (Atx2) gene (Sanpei et al. 1996; Imbert et al. 1996; Pulst et al. 1996) . Liu et al. (2009) found that mutant Atx2-58Q, but not wild-type Atx2, specifically interacts with the cytosolic COOH-terminal of IP 3 R1. Single-channel recordings of IP 3 R1 activity in planar lipid bilayers revealed that Atx2-58Q increased the sensitivity of IP 3 R1 to IP 3 while gating the channel. PCs derived from 58Q-transgenic mice showed augmented Ca 2+ responses compared to those from wild-type mice upon mGluR stimulation. In addition, the application of glutamate induced more pronounced cell death in 58Q PCs than in WT PCs in culture. A similar observation is reported in the gene implicated in SCA3: mutant ataxin-3 sensitized IP 3 R1 to channel activation by IP 3 (Chen et al. 2008) .
To demonstrate that the increased Ca 2+ signal from IP 3 R1 because of 58Q binding causes atrophy of the PCs in the transgenic SCA2 mouse model, Kasumu et al. further tried to chronically suppress the IP 3 R1-mediated Ca 2+ signaling by the over-expression of inositol 1,4,5-trisphosphate 5-phosphatase using the adeno-associated virus. They demonstrated that it alleviated the age-dependent motor incoordination and PC death in the SCA2 mouse model (Kasumu et al. 2012b) , pointing to the critical role of the increased Ca 2+ signaling in SCA2 pathogenesis. As described above, SCA2-58Q Tg mice exhibit reduced PC firing rate and an irregular PC bursting pattern in slice preparations (Kasumu et al. 2012a) . Since small-conductance calcium-activated potassium (SK) channels are known to have an important role in setting the PC firing rate (Edgerton and Reinhart 2003; Womack and Khodakhah 2003) , the effects of an SK activator on the firing properties were investigated. Interestingly, the bursting activity of PCs restores the regular tonic PC firing observed in cerebellar slices derived from SCA2-58Q Tg mice. Moreover, oral delivery of the positive modulator of SK channels alleviates the behavior and neuronal degeneration in SCA2-58Q Tg mice in vivo. In vivo PC firings in SCA2-58Q Tg mice also exhibit bursting and irregular patterns; intraperitoneal injection of an SK channel-positive drug normalizes the PC firing in SCA2-58Q Tg mice . Although the relationship between enhanced Ca 2+ release from IP 3 R1 by Atx2-58Q and the bursting patterns of PC firing, and the target cells that the drug affects, are unknown, these results suggest the potential application of an SK modulator for the treatment of SCA2 and possibly other types of cerebellar ataxias.
SCA14 and SCA41. Stimulation of mGluR1 leads to PLC activation and produces IP 3 and diacylglycerol in PCs, which thereby induces protein kinase C (PKC) activation in addition to Ca 2+ release from IP 3 R1 at the distal dendritic spines of PCs (Finch 2000; Takechi et al. 1998) . PKCc is an isoform of PKC that is regulated by both Ca 2+ and diacylglycerol; it is expressed specifically in the central nervous system and is especially abundant in PCs (Saito et al. 1988) . PKCc is important for the developmental elimination of surplus CF synapses on PCs .
SCA14 is caused by missense mutations in PKCc Yabe et al. 2003) . Since PKCc-KO mice exhibit only mild cerebellar ataxia and have no gross morphological abnormalities in the cerebellum Chen et al. 1995) , it has been thought that a gain-of-toxic function, rather than a loss-of-function mutant form of PKCc, underlies the prominent cerebellar atrophy and degeneration of PCs in SCA14. Recent findings have suggested that mutant PKCc is prone to form aggregates, and amyloid-like fibrils in cells, causing an impairment in the ubiquitinproteasome system in addition to ER stress, eventually leading to cell death (Seki et al. 2005 (Seki et al. , 2007 Seki et al. 2009; Takahashi et al. 2015) . Although apoptotic cell death of PCs expressing mutant PKCc has not been observed in vivo (Shuvaev et al. 2011) , dark cell degeneration in PCs are present in mice expressing the mutated PKCc (see discussion in a recent paper by Takahashi et al. (Takahashi et al. 2015) ). Importantly, although it is not confirmed in vivo (Nelson and Glitsch 2012) , PKC phosphorylates TRPC3 at a threonine residue in the S4-S5 linker segment, thereby inactivating it (Venkatachalam et al. 2003; Trebak et al. 2005) ; TRPC3 is implicated in SCA41 and is important for the mGluR1-mediated slow excitatory postsynaptic current in PCs (Hartmann and Konnerth 2015) and for LTD (Kim 2013) . The importance of this threonine residue in TRPC3 is also highlighted by its gain-of-function mutation seen in the spontaneous mutant, 'moonwaker' mice (Becker et al. 2009 ). Mutant PKCc fails to phosphorylate and negatively regulates the activity of TRPC3, resulting in sustained Ca 2+ entry in heterologous cell lines (Adachi et al. 2008 ). Therefore, it is possible that impaired PKC activity caused by either its direct mutation (in SCA14) or reduced Ca 2+ release from IP 3 R1 (in SCA15/16) leads to enhanced TRPC3 currents, which subsequently alters the Ca 2+ homeostasis in PCs and generates unregulated PC firing and cerebellar ataxia before the onset of PC death by mutant PKCc aggregates.
Gillespie syndrome
Recently, de novo mutations of ITPR1 have been found in patients with Gillespie syndrome (McEntagart et al. 2016; Gerber et al. 2016) . Gillespie syndrome is characterized by bilateral iris hypoplasia, congenital hypotonia, non-progressive ataxia, intellectual disability, and progressive cerebellar atrophy. Using trio-based exome sequencing, Gerber et al. (2016) found homologous truncating mutations in ITRP1 (nonsense mutation: Q1558* or R728*) in two families, and a compound heterozygous truncating mutation (splice-site mutation: G2102Valfs5* and A2221Valfs23*) in one family (Gerber et al. 2016) . All these recessive mutants encode the truncated form of IP 3 R1 that encompasses the NH 2 -terminal cytoplasmic domain of IP 3 R1 without the channel domain; therefore, the mutants cannot mediate Ca 2+ release. In addition, these truncation mutants do not affect Ca 2+ properties of wild-type IP 3 R1 when they are co-expressed in HEK-3KO cells that lack all the three endogenous IP 3 Rs. Thus, the truncated mutants are not likely to absorb the cytosolic IP 3 , unlike the IP 3 -sponge that is developed using the IP 3 -binding core domain (Uchiyama et al. 2002) . Unfortunately, the expression of the endogenous fragment of IP 3 R1 and the IP 3 R-mediated Ca 2+ response in patient cells, for example, lymphocytic cells, remain unclear. Since it is known that IP 3 R1-KO mice die within 4 weeks after birth (Matsumoto et al. 1996) , the potential premature termination codon self-correcting mechanisms including translationalread-through (Jungreis et al. 2011; Loughran et al. 2014) might partially maintain the Ca 2+ release from IP 3 R1 in the patients with the homologous truncated ITRP1 mutation. Alternatively, since conditional KO mice lacking IP 3 R1 specifically in the brain grow up to the adult stage (Sugawara et al. 2013; Hisatsune et al. 2013) , the expression of IP 3 R2 or/and 3 in other tissues critical for survival might compensate for the IP 3 R1 deficiency in humans but not in mice.
The authors also reported two de novo dominant heterozygous mutations, a 3-bp deletion (K2563del) and a missense mutation (F2553L) in two families. Both the sites are conserved among the three types of IP 3 Rs and are located at the distal portion of the sixth pore-lining inner helix. The K2563del mutant lacks the Ca 2+ release activity and inhibits Ca 2+ signals of wild-type IP 3 R1 in both amplitude and percentage of the responding cells, when co-expressed with wild-type IP 3 R1 in HEK-3KO cells. Since IP 3 R is composed of homo and hetero tetramers, it is likely that the functionally defective mutant of K2563del mutant forms a tetramer with wild-type IP 3 R1, causing the suppression in the Ca 2+ release activity. Since the authors did not analyze the F2553L mutant, its Ca 2+ channel activity was unknown. However, judging from the previous evidence that the F2553A and F2553D mutants showed reduced and impaired channel activity, respectively (Schug et al. 2008) , it could be possible that the F2553L mutation also decreases the Ca 2+ release activity of the channels.
Another group also reported the three de novo mutations of ITPR1 in Gillespie syndrome (McEntagart et al. 2016) . Particularly, G2539R is an important residue that corresponds to the selectivity filter of the channel pore, and is highly conserved among the three types of IP 3 Rs. Indeed, it was previously reported that IP 3 R1 with a G2545A mutation, which corresponds to the G2539 mutation in this study, completely lacked the Ca 2+ release activity (Schug et al. 2008) . The authors checked the expression levels of the IP 3 R1 mutants in lymphoblastoid cells that were established from five affected individuals. However, they found no apparent difference in the IP 3 R1 expression and failed to detect any difference in Ca 2+ signaling between the control and affected lymphoblastoid cells. This may be because of the significant contribution of other IP 3 R subtypes in the Ca 2+ signaling of those cells . They also investigated the iris in heterologous IP 3 R1-KO mice created using CRISPR/Cas9 genome editing, but did not find major anomalies in the iris, which is a characteristic feature of the patients. The iris phenotype of homologous IP 3 R1-KO mice was not investigated in the study.
Missense mutations found in Gillespie syndrome are also summarized in Fig. 2a (note that truncation mutants are not shown in the figure) . In contrast to the mutations found in SCAs, most of these mutations in Gillespie syndrome are found within the channel domain, supporting the idea that the mutations would directly change the Ca 2+ permeability of IP 3 R1.
Huntington's disease (HD)
Huntington's disease is a neurodegenerative disease that is caused by the NH 2 -terminal polyglutamine (polyQ) expansion of the Huntingtin, leading to movement disorders, cognitive decline, and psychiatric symptoms over 15-20 years before death (Feigin and Zgaljardic 2002; Young 2003) . At the neuropathological level, the disease is characterized with selective and progressive loss of neurons, particularly GABAergic medium spiny striatal neurons (MSNs) in the striatum (Vonsattel et al. 1985) ; the molecular and cellular basis for the selective loss of MSNs in HD remains unclear. One of the possible mechanisms linking the polyQ extended Htt and progressive cell death of MSNs is aberrant neuronal Ca 2+ signaling caused by the dysregulated IP 3 R1, in addition to the enhanced activity of the NMDA receptor .
Regulation of IP 3 R1 activity by Huntingtin (Htt) and HAP1 Tang et al. used the yeast two-hybrid system to identify the Htt-associated protein-1A (HAP1A) as a protein that interacts with the COOH-terminal cytosolic domain (F2627-G2736) of IP 3 R1 (Tang et al. 2003) . HAP1A also physically interacts with Htt, forming a ternary complex of IP 3 R1-HAP1-Htt. Interestingly, the COOH-terminal region of IP 3 R1 strongly binds to the polyQ expanded form of Htt (Htt exp ) but much weakly to normal Htt. Both the associations were promoted in the presence of HAP1. Htt-138Q alone sensitizes IP 3 R1 to the activation by IP 3 in a planar lipid bilayer experiment. In contrast, Htt-15Q does sensitize IP 3 R1 to IP 3 only in the presence of HAP1, suggesting that HAP1A facilitates the Htt-mediated sensitization of the IP 3 -induced channel activation of IP 3 R1. The over-expression of Htt exp in MSNs elevates the basal Ca 2+ levels and also increases the Ca 2+ response upon mGluR stimulation (Tang et al. 2003) , and this increase is significantly attenuated in HAP1A-deficient MSNs (Tang et al. 2004) .
To further show the importance of the Htt exp -IP 3 R1 association in HD pathology, the authors generated a fusion protein of green fluorescent protein (GFP) with IC10 (F2627-A2749, 120 amino acid residues), which is the Htt exp -binding region within the COOH-terminus of IP 3 R1, and expressed it in a mouse model of Huntington's, YAC128 HD, to inhibit the physical Htt exp -IP 3 R1 association in a dominant-negative manner ). The expression of GFP-IC10 in MSNs derived from YAC128 HD mice was observed to stabilize the exaggerated Ca 2+ signals upon repetitive glutamate application, and inhibit the glutamate excitotoxicity of the MSNs. Importantly, the virus-mediated long-term expression of GFP-IC10 in the striatum of YAC128 mice protected the MSNs from cell death as well as cell shrinkage, and significantly improved their motor coordination. These results indicate an important role of the IP 3 R1-Htt exp interaction in the HD pathogenesis and the potential therapeutic application of the IC10 peptide as a novel HD therapeutic agent. Recently, it was also reported that chronically elevated Ca 2+ release from the sensitized IP 3 R1 by Htt exp caused a reduction in the ER Ca 2+ content, leading to enhanced STIM2-dependent store-operated Ca 2+ entry (SOC) and the subsequent spine loss of MSNs both in vitro and vivo . Since the intraventricular delivery of an SOC inhibitor, EVP4593, reduces neural SOC and rescues spine loss in the MSNs of YAC128 transgenic mice, EVP4593 could also be a potential therapeutic agent for HD pathology (Wu et al. 2011) .
Covalent cross-linking of IP 3 R1 subunits by transglutaminase (TG)
The cytosolic COOH-terminal region of IP 3 R1 is one of the critical regions for regulating channel activity by physically interacting with various proteins including Htt and HAP1 (Foskett et al. 2007; Patterson et al. 2004 ) and GIT1 (Zhang et al. 2009 ). In contrast to these physical but transient regulations, our group recently demonstrated the covalent posttranslational modifications of the COOH-terminus of IP 3 R1 by transglutaminase (TG) (Hamada et al. 2014) . TG is a Ca 2+ -dependent enzyme, which catalyzes a cross-linking reaction in which a glutamine residue is linked with a lysine residue via an Ne-(c-glutamyl) lysine isopeptide bond (Greenberg et al. 1991) . The elevated activity of TG is thought to be involved in the pathogenesis of neurodegenerative diseases including HD, Alzheimer's disease (AD), and Parkinson's diseases (Ruan and Johnson 2007; Iismaa et al. 2009; Eckert et al. 2014) .
We found that TG2, which has a wide distribution of subtypes among the 9 TG isoforms, cross-links the COOHterminal Q2746 residues of IP 3 R1 subunits in a Ca 2+ -dependent manner and inhibits the Ca 2+ release activity of IP 3 R1. Since TG2 generates a glutamate residue (E) from a glutamine residue (Q) by deamination and/or isopeptide hydrolysis, we developed a specific antibody against E2746, which is generated by TG2 modification, and found that the Q2746E modification level of IP 3 R1 is significantly increased in the R6/2 HD mouse model and in Neuro2a cells transiently expressing Htt exp . Thus, the enhanced TG2 activity and the subsequent cross-linking of IP 3 R1 subunits could occur in HD-related diseases. In addition, because TG2 regulates autophagy (Akar et al. 2007; D'eletto et al. 2009 and IP 3 R1 activity is also associated with autophagy, we investigated the role of IP 3 R1 in TG2-mediated autophagy regulation and found that TG2 negatively regulates IP 3 R1-mediated autophagy.
Since TG2 is a Ca 2+ -dependent enzyme and Htt exp directly activates IP 3 R1 (Tang et al. 2003) , the IP 3 R1 activity is dynamically regulated by the two mechanisms, activation by Htt exp and inhibition by TG2. In addition, other IP 3 R1-binding proteins such as Bcl-2 and cytochrome C might also regulate the channel activity of IP 3 R1 in HD. Thus, IP 3 R1 channel activity is critically determined by a combinatorial effect of these various modifications, which might be dependent on the progression of the disease. However, since TG2-mediated covalent modification is more stable compared to relatively transient modification by other IP 3 R1-associated molecules, Ca 2+ release from IP 3 R1 would be expected to decrease during the progress of HD, in addition to the effect of reduction in the intracellular Ca 2+ stores by IP 3 R1-medicated Ca 2+ release . Finally, it is noteworthy that transglutaminase 6 (TG6), another subtype of the TG family, was recently reported to be implicated in SCA35 (Guan et al. 2013; Guo et al. 2014) . Since TG2 inhibits the IP 3 R1 channel activity by crosslinking, it is interesting to see the effect of the TG6 mutation on Ca 2+ signals from IP 3 R1 in Purkinje cells and its implication in the pathogenesis of SCA35.
Tetramer formation of the IP 3 R1 subunit by GRP78 Deranged Ca 2+ signaling and aggregation of aberrant, misfolded proteins are typical neuropathological features of various neurodegenerative diseases (Schroder and Kaufman 2005; Kim et al. 2008; Roussel et al. 2013) . Although Htt is localized within the cytoplasm, it impairs the ER-associated degradation process required for the degradation of misfolded proteins out of the ER, leading to the accumulation of unfolded proteins as well as ER stress in HD (Jiang et al. 2016; Ogen-Shtern et al. 2016) . While the three distinct ER transmembrane proteins, IRE1, PERK, and ATF6 serve as stress sensors and alleviate the ER stress through the unfolded protein response, the cell itself induces apoptosis when the ER stress is beyond the capacity of the unfolded protein response's capacity. However, the mechanism through which ER stress causes apoptosis remains unclear.
We found that IP 3 R1 dysfunction enhances apoptosis during ER stress in both Purkinje cells of both IP 3 R1-KO mice and IP 3 R1-knockdown HeLa cells. In addition, the IP 3 R1-mediated Ca 2+ release is decreased in ER stressinduced heterologous cell lines and primary cultured striatal neurons with ER stressors (Higo et al. 2010) .
To explore the mechanism underlying the decreased IP 3 R1 channel activity, we sought a binding protein within the luminal region (L3V, Fig. 1 ) of IP 3 R1; we identified GRP78 as an L3V-binding protein that competitively binds to IP 3 R1 with ERp44 (Higo et al. 2005) . Knockdown of GRP78 in N1E115 and HeLa cells decreased the Ca 2+ release activity from IP 3 R1, indicating that GPR78 positively regulates IP 3 R1.
The absence of GRP78 does not affect the subcellular localization and glycosylation of IP 3 R1. However, the IP 3 R1 assembly status is affected; GPR78 knockdown significantly reduces the tetramer formation in IP 3 R1, and the impaired assembly can be rescued by GRP78 over-expression. More interestingly, the IP 3 R1-GRP78 association decreases during ER stress caused by ER stressors and in neurons of a mouse model of HD, R6/2. The assembly of IP 3 R1 by GRP78 requires ATP, and an ATPase mutant form of GRP78 failed to facilitate IP 3 R1 assembly and enhance Ca 2+ signals in HeLa cells and cortical neurons. These results suggested that the tetrameric assembly of IP 3 R1 by GRP78 is dependent on both energy and ER stress, and that the impaired tetrameric assembly of IP 3 R1 contributes to the altered Ca 2+ signals in the cortical and striatal neurons of patients with HD (Higo et al. 2010) .
Schizophrenia
Schizophrenia is a mental disorder, which is characterized by both positive (delusions, hallucinations, paranoia) and negative symptoms (social withdrawal, avolition, and poor attention) (Ross et al. 2006) . Approximately, 1% of the people suffer from the disease worldwide. While the causes of the disease are still unknown, it is becoming increasingly clear that subtle changes in brain rhythm caused by abnormalities in the synchronized oscillatory activity of cortical neurons involving their connectivity can explain a part of the pathophysiology of the disease (Uhlhaas and Singer 2010) . To explain the altered excitability of cortical neurons in schizophrenia, many mechanisms have been proposed, including glutamate, c-aminobutyric acid (GABA), and dopaminergic signaling. Although the Ca 2+ signaling pathway can be triggered by many neurotransmitters and is critically involved in determining the excitability of neurons (Berridge 2013) , there is no direct evidence supporting the implication of abnormal IP 3 R1-mediated Ca 2+ signaling in the pathogenesis of schizophrenia. However, since the hypofunction of phospholipase C is known to be associated with schizophrenia (Kim et al. 2015) , it is reasonable to think that altered IP 3 R1 function is related to the pathogenesis of schizophrenia. In the following part, we would like to introduce two recent papers that present a relationship between IP 3 R1 and the disrupted in schizophrenia 1 (DISC1) gene, which is a susceptibility gene for schizophrenia (Ross et al. 2006) .
DISC1 regulates Ca
2+ release through IP 3 R1 DISC1 is localized in multiple cellular compartments including centrosome, mitochondria, and growth cones of outgrowing neurites, where it interacts with a number of proteins for regulating various physiological phenomena including neuronal migration (Brandon et al. 2004; Kamiya et al. 2005; Tomita et al. 2011) , neurite elongation (Miyoshi et al. 2003; Shinoda et al. 2007; Taya et al. 2007) , spine maintenance (Hayashi-Takagi et al. 2010; Wang et al. 2011) , and mitochondrial Ca 2+ dynamics and transport (Atkin et al. 2011; Park et al. 2010) . Recently, it was shown that DISC1 is also localized at the surface of the ER via binding with EXOC1, a component of the exocyst complex (Park et al. 2015) . The authors also described the physical interaction between DISC1 and IP 3 R1, which is further enhanced by EXOC1. Knockdown of DISC1 or ECOC1 increases Ca 2+ release, while their over-expression decreases Ca 2+ signals in HEK293 cells. Knocking down or knocking out DISC1 in hippocampal neurons also enhanced Ca 2+ signals; interestingly, two antipsychotic drugs, haloperidol and clozapine, suppressed this increase. This is the first study to demonstrate the implication of DISC1 in regulating the IP 3 R1-mediated Ca 2+ release.
Distal dendritic transport of Itpr1 mRNA by DISC1 The arginine-rich motif within the globular domain of DISC1 is shown to directly bind to the 3 0 -UTR of the Itpr1 mRNA and contribute to the transport of the complex into the distal dendrites via kinesin-1 (Tsuboi et al. 2015) . The binding of DISC1 to the Itrp1 mRNA is stabilized by the Hematopoietic zinc finger (Hzf), which binds to another part of the 3 0 UTR of the Itpr1 mRNA and regulates the dendritic localization of the Itpr1 mRNA in PCs (Iijima et al. 2005) . The knockdown of DISC1 or Hzf decreases the transport of exogenously expressed 3 0 -UTR of the Itpr1 mRNA, which is visualized using the MS2-GFP tagging system. The transport of the 3 0 UTR of the Itpr1 mRNA is also affected in cultured hippocampal neurons of DISC1-KO mice. Furthermore, the infusion of a cell-permeable peptide composed of the arginine-rich motif of DISC1 and the antennapedia homeodomain blocks the maintenance of long-term potentiation in mouse hippocampal slices. Although many questions, including those related to the IP 3 R1 protein localization and Ca 2+ signals in distal dendrites during long-term potentiation, remain unanswered, the existing results suggest the critical role of DISC1 in the dendritic transport of the Itrp1 mRNA for synaptic plasticity.
Alzheimer's disease (AD) Alzheimer's disease (AD) is an age-related brain disease characterized by progressive neuronal atrophy and cell loss, which leads to cognitive impairment and memory loss. The hallmark features of AD are the accumulation of extracellular plaque deposit of b-amyloid (Ab) and the intracellular neurofibrillary tangle of hyperphosphorylated tau (s). Most cases of AD are sporadic with a relatively late onset (~70 years), and only 5% of the cases are early-onset (~30 years) and inherited in an autosomal-dominant manner. It is known that mutations in the amyloid precursor protein (APP) or presenilins (PS1, PS2) are linked to earlyonset familial AD (FAD). PSs are components of c-secretase, which cleaves APP and produces Ab. Mutations in PS are believed to increase the production of toxic Ab, which can self-aggregate, oligomerize, and make deposits. The pathogenesis of AD has been intensively investigated, and several hypotheses, including the amyloid hypothesis have been proposed. The Ca 2+ hypothesis for AD pathogenesis is one of these suggestions, and growing evidence points the roles of IP 3 Rs in the generation of altered Ca 2+ signals in the pathogenesis of AD, in addition to other factors including the Ca 2+ pump , the ER Ca 2+ leak, and the store-operated Ca 2+ entry (Leissring et al. 2000; Sun et al. 2014; Zhang et al. 2015; Tong et al. 2016 ).
c-secretase
Although exaggerated Ca 2+ signals with altered IP 3 R function were reported in the fibroblasts derived from patients with AD (Ito et al. 1994; Hirashima et al. 1996) and cells expressing mutations of AD-related genes (APP, PS1, and PS2) (Guo et al. 1996; Leissring et al. 1999a,b; Stutzmann et al. 2004; LaFerla 2002; Stutzmann 2005) , a physical interaction and the subsequent functional modification of IP 3 R1 by PS1 were first demonstrated by Cheung et al. (Cheung et al. 2008 (Cheung et al. , 2010 . WT and FAD mutant PS1 (146L) and PS2 (N141I) associated with IP 3 R1 and IP 3 R3 in insect Sf9 cells, and IP 3 R1 were found in the PS1-or PS2-immunoprecipitates extracted from the mouse brain. Using the patch clamp technique to record the electrical activity from the nuclear membrane of insect Sf9 cells, it was shown that the expression of both PS1 and PS2 mutants significantly increased the channel open probability (Po) of the endogenous insect IP 3 R in addition to augmenting Ca 2+ signals in chicken DT40 cells when the cells were stimulated with IgM, an IP 3 -producing stimulus (Cheung et al. 2008) . Although it did not affect the channel Po, WT PS1 and PS2 also had small effect on the channel gating properties. Interestingly, other FAD-inducing PS1 mutants, but not one that is associated with temporal dementia, caused the similar enhancement of the Po of the IP 3 R1 in Sf9 and DT40 cells (Cheung et al. 2010) , suggesting a selective effect of the FAD mutant form of PS1 on the channel activity of IP 3 R1. The c-secretase-dead mutants of PS1 had similar effects on the IP 3 R channel, suggesting that the enhancement was independent of c-secretase activity. The enhanced Po of IP 3 R1 caused by the FAD mutant PS1 was owing to the switching of the channel gating mode; the FAD mutant PS1 destabilized the channel closed state and prolonged the open time to spend more time in a high Po called the 'H mode', which is characterized by long bursting activity. The enhancement of the Po of the IP 3 R1 was also observed in human FAD B lymphoblast cells and in neurons from FAD 3XTg-AD mice. The effect of the FAD mutant PS1 on the IP 3 R1 channel was a gain-of-function effect, as the enhanced IP 3 R1 activity was similarly detected in the PS-deficient (PS1/PS2 double-KO) mouse embryonic fibroblast cells. Computational modeling studies have resulted in the speculation that the PS1 mutant enhances the sensitivity of IP 3 R1 to both IP 3 and Ca 2+ in the H mode state (Mak et al. 2015) . It has also been shown that the Ab processing was enhanced by the FAD mutant PS1 in DT40 cells, and this increase was abolished in IP 3 RKO DT40 cells (Cheung et al. 2008) , indicating the Ca 2+ -dependent processing of APP. This result is consistent with the previous observation that the elevation of intracellular Ca 2+ has a critical effect on the maturation and proteolytic processing of APP, and substantially enhances the production of Ab (Querfurth and Selkoe 1994) . However, the effect of Ca 2+ on APP processing is not thoroughly understood (LaFerla 2002) .
What is the consequence of this enhanced Ca 2+ release from IP 3 R1 by the FAD PS mutant? The same group reported the constitutive activation of the CaM kinase IV-cAMPresponse element binding protein (CREB) pathway in FAD PS-expressing SH-SY5Y cells and in the 3xTg-AD mouse brain (Muller et al. 2011a) . Either the knockdown of CREB or IP 3 R1 expression, or the pharmacological inhibition of CaM kinases, inhibited both spontaneous and Ab-induced cell death of SH-SY-5Y cells expressing the PS1-M146L mutant. These observations were also confirmed in a mouse AD model (PS1-146V Tg or 3xTg mice) that was crossed with heterologous opt mice having 50% of IP 3 R1; the reduced Ca 2+ signals from IP 3 R1 alleviates FAD disease pathogenesis in vivo (Shilling et al. 2014) . Although the increased expression of several targets of CREB such as cfos and nNOS has been reported, its significance in cell death remains unknown. The increase in the reactive oxygen species levels mediated by exaggerated Ca 2+ levels may also be associated with the pathogenesis of AD (Muller et al. 2011b ).
Ca
2+ release by Ab Soluble Ab aggregates are toxic to the cells as they promote the elevation of cytosolic Ca 2+ levels Bezprozvanny and Mattson 2008; Agostini and Fasolato 2016) . In addition to the Ca 2+ influx through various mechanisms involving the regulation of plasma membrane permeability (Muller et al. 1995; Mason et al. 1996) , formation of intrinsic cation-conducting channels Pollard et al. 1993) , and activation of nicotinic acetylcholine receptors (Wang et al. 2000) and glutamate receptor channels (De Felice et al. 2007; Alberdi et al. 2010; Guivernau et al. 2016) , Ab is also able to induce IP 3 -induced Ca 2+ release. The application of Ab 25-35 and Ab 1-40 induces Ca 2+ release from the ER and consequently triggers apoptosis through the activation of Caspase 3 in cortical neurons (Ferreiro et al. 2004) . The Ca 2+ elevation and the resultant apoptosis are both inhibited by Xestospongin C, an IP 3 R inhibitor, suggesting that Ab oligomers cause cell death through IP 3 R-mediated Ca 2+ release. Recently, it was also reported that injecting Ab42 oligomers into Xenopus oocytes leads to the production of IP 3 through the Gi/o-phospholipase C pathway, which triggers Ca 2+ signaling from the IP 3 Rs and the cytotoxicity of oocytes (Demuro and Parker 2013) . The Ca 2+ signals were abolished by treating the cells with the pertussis toxin or caffeine and through the intracellular injection of heparin. Two patterns of Ca 2+ signals are observed in response to the Ab injection: (i) the local Ca 2+ transient dependent on Ca 2+ influx and (ii) local Ca 2+ influx followed by global Ca 2+ waves derived from Ca 2+ release from the ER. However, in both the studies, the precise mechanisms underlying IP 3 production by Ab, such as the activation of surface receptors or the direct activation of G proteins, remain unclear at present. Since Ab ogliomers also induce Ca 2+ release from the ER in permeabilized DT40 cells lacking endogenous IP 3 Rs, Ab ogliomers seem to trigger Ca 2+ release in both IP 3 R-dependent and IP 3 R-independent fashions (Jensen et al. 2013) .
Conclusion
Among the three subtypes of IP 3 R, IP 3 R1 is the dominant isoform in the brain and is essential for brain functions, such as memory and motor coordination. For accurately executing brain function, Ca 2+ release through the IP 3 R is finely regulated by various mechanisms, including the binding of the IP 3 R1-associated protein and the subunit assembly and cross-linking. Impairment in the regulation of these mechanisms is closely associated with the pathogenesis of various brain diseases such as HD, AD, and SCA. In addition, mutations within the IP 3 R1 gene cause SCA and Gillespie syndrome, possibly by interfering with the allosteric changes that occur during channel gating and/or with the regulation of the protein. Most of these mutated residues on IP 3 R1 and the associated sites for various IP 3 R1-binding molecules are highly concentrated within the two domains, namely the Nterminal and C-terminal regions, both of which are very important for IP 3 -induced channel gating. With the rapidly increasing information about the structure of IP 3 R1, the effects of aberrant protein interactions and IP 3 R1 mutations on the allosteric channel gating can be clearly understood at the structural level; this will greatly facilitate future drug design studies that target IP 3 R1 function in brain diseases. Although not described here, IP 3 /Ca 2+ signaling is also associated with other diseases, such as Amyotrophic Lateral Sclerosis (Staats et al. 2016 (Staats et al. , 2012 , autism, and bipolar disorder (Berridge 2016) . Since IP 3 R1 also regulates GABAergic transmission by regulating GABA A R clustering (Bannai et al. 2015) , an imbalance in the excitation and inhibition as a result of IP 3 R1 dysfunction may also be an important factor in the mental disease onset. Further study of IP 3 R-mediated Ca 2+ signaling and its regulation from both biochemical and structural points of view will significantly promote not only our understanding of the disease pathology, but also the development of new therapeutic targets.
